Cilia are complex organelles involved in a broad array of functions in eukaryotic organisms. Nematodes employ cilia for environmental sensing, which shapes developmental decisions and influences morphologically plastic traits and adaptive behaviours. Here, we assess the role of cilia in the nematode Pristionchus pacificus, and determine their importance in regulating the developmentally plastic mouth-form decision in addition to predatory feeding and self-recognition behaviours, all of which are not present in Caenorhabditis elegans. An analysis of a multitude of cilia-related mutants including representatives of the six protein subcomplexes required in intraflagellar transport (IFT) plus the regulatory factor X transcription factor daf-19 revealed that cilia are essential for processing the external cues influencing the mouth-form decision and for the efficient detection of prey. Surprisingly, we observed that loss-offunction mutations in the different IFT components resulted in contrasting mouth-form phenotypes and different degrees of predation deficiencies. This observation supports the idea that perturbing different IFT subcomplexes has different effects on signalling downstream of the cilium. Finally, selfrecognition was maintained in the cilia deficient mutants tested, indicating that the mechanisms triggering self-recognition in P. pacificus may not require the presence of fully functional cilia.
Introduction
Cilia are complex hair-like organelles present on most eukaryotic cells, with many diverse functions [1] , and are well conserved across evolution [2] . The broad functions of cilia include roles in motility, sensing and responding to environmental cues [3, 4] . Additionally, in mammals, cilia are signal transduction centres with an essential role in Hh signalling, and thus cilia are crucial for development, cell differentiation and tissue homeostasis [5, 6] . Cilia consist of a microtubule-based cytoskeleton called the axoneme surrounded by cell membrane [5] . The growth and maintenance of cilia is achieved by intraflagellar transport (IFT) [7] , an evolutionarily conserved motility process involving six protein subcomplexes (see electronic supplementary material, figure S1): the IFT-subcomplex A and B, the BBSome, the homodimeric and heterodimeric kinesin motors, and the dynein motor [8] [9] [10] . In humans, genetic mutations resulting in abnormal cilia formation or function give rise to a constellation of disorders named ciliopathies (such as Bardet-Biedl syndrome), which include cerebral anomalies, renal disease, retinal degeneration, anosmia, deafness, diabetes, obesity, polydactyly and skeletal dysplasias among others [11, 12] .
Much of our knowledge of the functions of cilia comes from studies performed in the green alga Chlamydomonas [13] and in the nematode Caenorhabditis elegans [14] . In the latter, only sensory neurons are ciliated and importantly, worms with abolished cilia are viable, which makes it a suitable model organism to study the genetic regulation of cilia development and function [15] . Caenorhabditis elegans possess 302 neurons, of which 60 have cilia at the ends of their dendritic processes [16] . All these ciliated neurons are sensory neurons, including the amphid, phasmid, labial, cephalic, pseudocoelomic and deirid neurons, among others [17] . These sensory neurons are involved in a wide variety of tasks related to sensing and responding to the environment, such as detection of food sources, finding mate partners, escaping from danger or noxious conditions, and the regulation of developmental transitions such as dauer entry and recovery [18] . Mutations in C. elegans IFT components produce an array of phenotypes related with chemo-, osmo-, thermo-and mechanosensation, mating, dauer larvae development and dye-filling of certain amphid neurons [17, 18] . Recently, we have shown that IFT components and cilia are also important to regulate hyperoxia avoidance behaviours in C. elegans and Pristionchus pacificus nematodes [19] [20] [21] .
Contrary to C. elegans, P. pacificus is not a strict bacteriovorous nematode, because it can also feed on fungi and predate on other nematodes. It forms teeth-like denticles that are absent in C. elegans and other rhabditid nematodes [22] . Interestingly, the formation of teeth in P. pacificus is an example of phenotypic plasticity with the possibility to develop two alternative mouth morphologies (morphs), called the eurystomatous (Eu) and stenostomatous (St) forms [23] . This developmental decision is irreversible with several characteristics defining the two different morphs. In the Eu morph, this includes a wider buccal cavity and the presence of two hooked teeth (figure 1a). These adaptations facilitate an expanded dietary range as in addition to feeding on bacteria these teeth can be employed to penetrate the cuticle of other nematodes including C. elegans. On the contrary, St morphs possess only a single flintshaped tooth, and as such they are not capable of preying on other nematodes and feed on only microbes (figure 1b) [24] [25] [26] .
Mouth-form plasticity is influenced by environmental (conditional) and stochastic factors. First, environmental cues such as starvation, pheromones and crowding [27, 28] , as well as nutritional status related to culture and growth conditions [29, 30] , feed into the genetic network controlling mouth-form plasticity. It is therefore feasible that as cilia play an essential role in the uptake of many environmental cues, they may also provide an entry point for information necessary for the developmental decision controlling the P. pacificus mouth-form dimorphism. Second, mouth-form plasticity also shows stochastic regulation. For example, in the wild-type strain P. pacificus PS312 more than 70% of animals in standard laboratory culture conditions with Escherichia coli OP50 as food are Eu, whereas the rest of the animals develop into the St morph [31, 32] . This stochastic aspect in mouth-form regulation has been considered to represent an example of a bet-hedging strategy, previously shown in many microbial species that live in highly fluctuating and partly unpredictable environments [33, 34] .
An additional environmental input necessary for the predatory nematode P. pacificus is the detection of potential prey. This behaviour is dependent on an interaction between the nose of the predator and the cuticle of the prey, which induces a behavioural switch instigating a predatory feeding mode [25, 35] . In addition to the detection of potential prey, it has recently been shown that P. pacificus predators are also capable of distinguishing self-progeny from non-self [36] . While so far only a signalling ligand involved in this process has been identified, the ciliated head sensory neurons are primary candidates for the associated receptors.
Here, we phenotype a wide variety of cilia-related mutants previously isolated in P. pacificus, to assess the role of cilia in the regulation of the mouth-form dimorphism and predatory behaviour. This set of mutants includes representatives of all six IFT subcomplexes [19] (see electronic supplementary royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191089 material, figure S1) plus the regulatory factor X (RFX) transcription factor daf-19, the master regulator of ciliogenesis in nematodes [21, [37] [38] [39] ].
Methods

(a) Strains
Wild-type P. pacificus strains and mutant lines used in this study are listed in electronic supplementary material, table S1. Strains were maintained at 20°C using standard methods [40] .
(b) CRISPR/Cas9 mutagenesis
Procedures for CRISPR-Cas9 mutagenesis followed the existing protocol for P. pacificus [41] . sgRNAs (electronic supplementary material, table S2) were synthesized by Integrated DNA Technologies Inc. (Coralville, IA, USA) and Cas9 protein was produced by New England BioLabs Inc. (Ipswich, MA, USA). Injection Master Mix was prepared following the manufacturer instructions from Alt-RTM CRISPR-Cas9 System User guide from Integrated DNATechnologies Inc. Injections were performed on a Zeiss Axiovert microscope (Zeiss, Germany) coupled to an Eppendorf TransferMan micromanipulator and Eppendorf FemtoJet injector (Eppendorf AG, Hamburg, Germany). Injected P0 animals were kept individually on NGM plates for 16 h. Around 100 F1 progeny were isolated onto NGM plates before they became adults. Once they had laid eggs, F1 individuals were lysed and assayed for the presence of a molecular lesion around the sgRNA target site by PCR and subsequent Sanger sequencing. Primer sequences and PCR conditions for detecting molecular lesions are listed in electronic supplementary material, table S3.
(c) Genetics
daf-19 and osm-1 single mutants were crossed with the nag-1 nag-2 double mutant [32] in order to produce triple mutants to study the epistatic relationships between those genes. Molecular lesions in both triple mutants were confirmed by PCR and subsequent Sanger sequencing. Primer sequences and PCR conditions for detecting molecular lesions are listed in electronic supplementary material, table S3.
(d) Mouth-form phenotyping
Mouth-form phenotyping was done in three culture conditions: First, standard culture conditions for P. pacificus on NGM agar plates seeded with E. coli OP50, which induce the Eu morph in wild-type strains [23] . Second, NGM agar cultures with the bacterial isolate Pseudomonas sp. LRB26 as food source, which increases the ratio of Eu animals in wild-type strains even further [30, 42] . Third, standard liquid cultures in S-medium, which strongly represses the Eu morph in wild-type strains [29] . For the first two conditions, five young adult hermaphrodite individuals were transferred onto 6 cm NGM agar plates seeded with 300 µl of the corresponding bacteria strain from the same well-fed source plate. These plates were incubated at 20°C for 5 days. For liquid culture conditions, media were prepared following the protocol from Werner et al. [29] and 10 young adults were employed to initialize the culture. Liquid cultures were incubated at 22°C and shaken at 180 r.p.m. (INFORS HT Multitron standard) for 6 days. After the corresponding incubation time, young adult hermaphrodite individuals were transferred from the corresponding culture plate or flask to 4% agar pads (containing 10 mM sodium azide) with 5-8 µl M9 buffer and mouth-form phenotypes were observed and scored under a differential interference contrast (DIC) microscope (Zeiss Axioskop) using 10× and 100× magnifications. Several discrete characters were used to discriminate between Eu and St individuals, such as the presence versus absence of a subventral tooth and the width of the buccal cavity. Morph frequencies were calculated from three biological replicates per line. Thirty young adult hermaphrodite individuals were examined per replicate.
(e) Predatory behaviour and self-recognition phenotyping
Predatory feeding behavioural assays were carried out using previously described corpse and biting assays [25, 36] , which are summarized as follows.
(i) Corpse assays
For assays using either C. elegans or P. pacificus as prey, the prey animals were maintained on bacteria until freshly starved, resulting in an abundance of young larvae. These plates were washed with M9 buffer, passed twice through a 20 µm filter, centrifuged and deposited onto the assay plate by pipetting 1 µl of worm pellet onto a 6 cm NGM unseeded plate. This resulted in roughly 3000 prey larvae on each assay plate. For C. elegans assays, five P. pacificus predators of the control strain (PS312) or a cilia mutant strain were screened for the appropriate predatory Eu mouth morph and these were subsequently added to assay plates. Predators were permitted to feed on the prey for 2 h before removal and the plate screened for the presence of corpses. For self assays using P. pacificus prey, 20 P. pacificus predators were added to each assay plate and left with the prey for 24 h, because intraspecific killing is known to be less frequent than inter-species killing [36] . Each assay was replicated five times.
(ii) Biting assays
In order to observe the interaction between predator and prey directly, bite assays were carried out as follows. C. elegans or P. pacificus prey was added to assay plates as previously described for corpse assays. The appropriate P. pacificus nematodes were screened for the required predatory Eu mouth morph and a single predator placed on to the assay plate and allowed to recover for 20 min. After recovery, the predatory animal was observed for 10 min and the number of bites quantified. Bites were characterized by a switch in predator pumping mode coinciding with a restriction in movement of the prey. Each assay was conducted with 10 different animals.
(f ) Statistical analyses
Statistical analyses were performed in the computing environment R v.3.4.2 (R Core Team, 2017). Replicates were used to calculate means and standard errors (s.e.m.). Morph frequencies were compared by fitting beta regression using the R package betareg [43] . Given the fact that morph ratios in some strains included the extremes 0 and 1, the transformation (y(n − 1) + 0.5)/n was applied to the data, where y is the response variable and n is the sample size [44] . Replicates within lines were included in the model, and significance was assessed using a z-test. Post hoc pairwise comparisons between lines and biological replicates were performed by the least-squares means method from the R package lsmeans and significance thresholds were set using the false discovery rate correction method [45] . All p-values < 0.05 are summarized with asterisks in corresponding figures.
Results
(a) P. pacificus IFT and daf-19 mutants show a diverse range of mouth-form ratios
The mouth-form dimorphism of P. pacificus is influenced by environmental cues, which are probably sensed through the royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191089 cilia of sensory neurons. To analyse the role of cilia in the regulation of mouth-form plasticity we have determined the mouth-form ratio of the IFT and daf-19 mutants previously isolated in P. pacificus [19, 21] under standard NGM agar culture conditions. Surprisingly, we found a wide range of mouthform ratios among the different mutant alleles, from mutants with a high proportion of St animals to mutants with a high proportion of Eu animals (figure 1c; electronic supplementary material, table S4A). The two mutant lines showing the strongest St phenotype were daf-19 and osm-1 mutants, followed by the osm-3; klp-20 double kinesin mutant, the che-3 and the dyf-1 mutants. ifta-1 mutants showed an intermediate mouthform rate, while che-11 mutants showed a slight reduction in the proportion of Eu animals. Interestingly, dyf-2, osm-12, osm-3 and klp-20 mutants were highly Eu similar to wild-type animals. Thus, we observed an unexpected heterogeneity of mouth-form phenotypes in cilia mutants in P. pacificus. Additionally, consistent with the idea that the RFX/DAF-19 transcription factor is the master regulator of nematode ciliogenesis, the daf-19 mutant showed one of the strongest phenotypes.
(b) Culture conditions influence the mouth-form ratio of P. pacificus independently of cilia
As it has previously been shown that several growth conditions affect the ratio of mouth morphs in P. pacificus [29, 30] , we tested whether the information from these conditions is integrated through the sensory cilia of the nematodes. To answer this question, we determined the mouth-form ratios of nematodes grown on NGM agar plates using the bacterium Pseudomonas sp. LRB26 as a food source, a culture condition that increases the ratio of the Eu morph in wild-type animals [30, 42] . Under these conditions, the ratio of the Eu morph increased in all tested mutants (figure 2a). However, not all mutations affected the phenotype to the same degree (figure 2a; electronic supplementary material, table S4B). For example, ifta-1, che-11, osm-3; klp-20 and che-3 mutants reached a percentage of Eu animals close to 100%. By contrast, the daf-19, osm-1 and dyf-1 mutants showed between 40% and 75% of Eu animals. Similarly, we have studied the mouth-form ratio of IFT and daf-19 mutants in liquid culture conditions that stimulate the St morph in wild-type animals [29] . In this case, all the mutants except osm-12 showed a strong reduction in the number of Eu animals (figure 2b; electronic supplementary material, table S4C). These experiments suggest that the mechanism that triggers the development of the St morph in standard liquid culture conditions does not involve the cilia. Surprisingly, osm-12 was the only IFT mutant that remained highly Eu in these culture conditions. Therefore, we generated an additional allele to confirm this result. Indeed, this new osm-12 mutant also showed a similar high proportion of Eu animals in standard liquid culture conditions (electronic supplementary material, figure S2 and table S5). Thus, loss-of-function mutations in the different IFT components may alter the overall function of cilia in various ways, resulting in opposite mouth-form phenotypes.
(c) Cilia act upstream of mouth-form plasticity switch genes
Previous studies identified several members of the genetic pathway regulating the mouth-form plasticity of P. pacificus, with several significant components located in a multi-gene locus containing two sulfatases and two a-N-acetylglucosaminidases (nag) [32] . While one sulfatase-encoding gene, eud-1, acts as a developmental switch with animals carrying mutations in this gene showing all-St mouth-forms [31] , the nag genes have an opposing effect as animals carrying mutations in both nag genes (nag-1 nag-2) form all-Eu morphs [32] . To unravel the relationship between the cilia and the genetic regulatory pathway of the mouth-form dimorphism known to date, we performed epistasis tests by creating a daf-19; nag-1 nag-2 and an osm-1; nag-1 nag-2 triple mutant, which were phenotyped in standard culture conditions. In both triple mutants, the proportion of Eu animals was 100%, phenocopying the nag-1 nag-2 double mutant (electronic supplementary material, figure S3A ) [32] . In addition, both triple mutants remained 100% Eu when grown in standard liquid cultures and in NGM agar cultures with Pseudomonas sp. LRB26 as food source (electronic supplementary material, figures S3B and S3C, and table S6). Taken together, these results suggest that the developmental switch genes regulating mouth-form act downstream of cilia. While we speculate that cilia act in sensory neurons involved in perceiving environmental input, we can currently not rule out that they might act in other cell types.
(d) Cilia mutants are partially defective for prey detection but self-recognition is maintained
The predatory behaviour of P. pacificus can be triggered upon nose contact with another non-self nematode. Specifically, a small peptide-mediated self-recognition code prevents killing of kin (figure 3a) [25, 36] . As nose contact appears to be required for detection and analysis of potential prey, we hypothesized that detection and prey selection is dependent on cilia. Therefore, we tested the ability of several cilia-related mutants to predate on C. elegans larvae and additionally, their ability to predate on P. pacificus wild-type larvae. Specifically, we analysed predatory feeding behaviour in daf-19; nag-1 nag-2 and osm-1; nag-1 nag-2 triple mutants and the che-3 and osm-12 mutants by means of standard corpse assay and bites assay [25] (see Methods for assay conditions). Only these single and triple mutant combinations resulted in Eu animals necessary to perform predation assays as St animals are strictly bacteriovorous and lack predatory feeding behaviour. In all Figure 3 . (a) Adult P. pacificus feeding on a larva of C. elegans. (b) Corpse assays with P. pacificus fed upon either C. elegans larvae (black) with five predators over 2 h or P. pacificus larvae (red) with 20 predators over 24 h. Data shown as median, first and third quartile and data range. In all experiments, five replicates were quantified for each mutant. (c) Biting assay feeding P. pacificus predators on either C. elegans larvae (black) or P. pacificus larvae (red). The number of bites was quantified during 10 min for 10 different animals of each mutant. (Online version in colour.) royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191089 mutants analysed, we found a significant reduction in the predatory behaviour when feeding on C. elegans in comparison with wild-type animals (figure 3b,c). However, similar to our mouth-form frequency observations, we detected different degrees of predation defects among the mutants, and in no mutant condition was killing completely abolished. These findings suggest that some prey detection mechanism is independent of cilia and that mutations in the different IFT proteins and the RFX transcription factor may cause specific predatory deficiencies according to the role each of these elements play in the overall functioning of the cilia. Despite this, self-recognition was maintained in all the cilia deficient mutants with no killing of self-progeny detected (figure 3b,c) , indicating that the mechanisms triggering self-recognition may not require the presence of fully functional cilia.
Discussion
Nematodes respond to a multitude of environmental cues in order to adapt to the fluctuating ecological conditions that they experience in nature. These cues are integrated into the neural circuitry through sensory neurons, which in many cases also develop cilia as the main cell structure for environmental sensing and signal transduction. As a consequence of this, two kinds of responses are produced: adaptive behaviours (such as food searching, predatory behaviour or escaping from noxious conditions) and developmental decisions that influence morphological plastic traits (such as the mouth-from dimorphism displayed by P. pacificus nematodes). Here, we have analysed the role of cilia in the regulation of mouth-form plasticity, predatory behaviour and self-recognition in P. pacificus.
Through our investigation, we were able to demonstrate that cilia play an important role in the regulation of mouthform plasticity, with this developmental decision likely to depend on environmental cues sensed through these structures. The mouth-form phenotypes in the cilia defective mutants show a range of severity with significantly stronger effects observed in mutants belonging to the IFT-B subcomplex and in the RFX transcription factor daf-19. Previous studies have showed that daf-19 is essential for ciliogenesis in C. elegans [39] and this is conserved in P. pacificus nematodes, with EM sections showing Ppa-daf-19 mutants also lack cilia projections in amphid neurons [21] . Differences in the mouth-form phenotype between mutants of the IFT-B and IFT-A subcomplexes may be related to the different roles both subcomplexes play in the overall functioning of the cilia. Previous studies have shown that the IFT-B subcomplex is required for anterograde transport from the base to the tip of the cilium, while the IFT-A subcomplex functions in the retrograde movement from the tip back to the base of the cilium (reviewed in [46] ). Therefore, the stronger mouth-form phenotypes of IFT-B mutants (osm-1 and dyf-1) in comparison with IFT-A mutants (ifta-1, che-11 and dyf-2) may be indicative of a greater dependence on IFT-B and the anterograde transport system for sensing of the external cues influencing the mouth-form decision. An alternative possibility is that for some individual IFT proteins, specific roles outside of their associated complexes may exist and may have distinct effects on the mouth-form phenotype. For instance, osm-1 appears to play an essential role regulating the transition from anterograde to retrograde IFT at the flagellar tip in Chlamydomonas [47, 48] and dyf-1 is required for tubulin post-translational polyglutamylation in sensory neuron cilia in C. elegans, while its homologue flr performs the same function in zebrafish [49] . On the other hand, it has been reported that the inactivation of the che-11 zebrafish homologue IFT140 had little observable effect on cilia structure, indicating some degree of functional redundancy among different IFT polypeptides [50] .
Other elements involved in anterograde transport are the heterotrimeric and homodimeric kinesin-2 motors [51] . While the single kinesin mutants osm-3 and klp-20 did not show a mouth-form phenotype, the double kinesin mutant osm-3; klp-20 showed a strong reduction in the percentage of Eu morphs. This phenocopying of the other anterograde defective mutants supports a functional redundancy between the heterotrimeric kinesin-II and the homodimeric OSM-3-kinesin motors, which was previously proposed for P. pacificus [19] and described for C. elegans [51] . Finally, the dynein motor subunit CHE-3 mutant showed a strong mouth-form phenotype, while the mutant of the dynein light intermediate chain XBX-1 showed no mouth-form phenotype in NGM agar culture conditions. This difference in phenotype among dynein subunits could be related to the fact that the xbx-1 mutant carries an in-frame mutation, or alternatively that these two dynein subunits perform specific functions giving rise to different phenotypes when mutated. This second hypothesis is supported by the fact that the in-frame mutation of the xbx-1 mutant does induce the bordering and clumping behaviours in response to hyperoxic conditions [19] . In addition, the xbx-1 mutant showed a significantly higher proportion of Eu animals in comparison to wild-type animals in standard liquid culture conditions, suggesting xbx-1 may play a specific role promoting the St morph under certain environmental conditions. While our data clearly indicate an essential role for cilia in environmental sensing influencing the mouth-form, our experiments in different culture conditions imply that other additional environmental cues not sensed through cilia also regulate the mouth-form decision. This includes those produced by the different bacterial food sources or the stressful conditions associated with the standard liquid culture method. Surprisingly, the two mutant alleles of the BBSome component osm-12 induced a high frequency of Eu morph in all culture conditions. These results indicate that disruption of the function of the BBSome promotes the Eu morph constitutively, although the reason for this is not clear. In C. elegans, BBS proteins play a critical role in keeping the two kinesin-2 motors together [52] [53] [54] , and therefore the disassociation of these two kinesin-2 motors may alter the signalling pathway in the cilia and induce the Eu phenotype. On the other hand, the BBSome is also involved in trafficking sensory receptors into and out of the cilium in Chlamydomonas, C. elegans and mouse [55] . Thus, an impaired trafficking of sensory receptors may represent an alternative explanation for the constitutive Eu phenotype of osm-12 mutants.
Additionally, we investigated the dependence on cilia for environmental cues specific to predatory behaviour. Defects in cilia components resulted in a reduced killing ability of P. pacificus predators with bite assays, confirming this was caused through a reduction in the efficiency of prey detection. While a clear reduction in killing was observed, some killing did still occur, indicating that prey detection was not fully abolished in these mutants. This may indicate that some cilia functionality remained in these mutants or that some prey recognition is independent of correct cilia formation. In accordance with these potential hypotheses, our experiments on royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20191089 self-progeny revealed no killing of identical kin, indicating selfrecognition was also maintained in cilia defective mutants. Receptors involved in the efficient recognition of potential prey are therefore highly dependent on the correct development and function of cilia although not exclusively.
Altogether, our results indicate that cilia play an important role regulating the mouth-form plasticity and predationrelated behaviours in P. pacificus. However, the various IFT components influence these traits to different degrees, which may be related to the diverse functions each of these components performs in the overall function of the cilia. While it is likely that cilia associated proteins act in neurons, they might have additional roles in other cell types. Therefore, it remains currently unknown to what extend the observed phenotypes result from neuronal cilia defects. Our overall findings are in accordance with previous studies in other organisms such as C. elegans, Chlamydomonas, Tetrahymena and mouse, which described specific functions for the six IFT subcomplexes [46, [51] [52] [53] [54] and some of its protein components [47] [48] [49] . Thus, sub-functionality is a conserved feature of cilia in all studied organisms. Future work will determine the environmental cue or cues sensed through the cilia that influence the mouth-form phenotype and additionally the nematode cues influencing predation behaviour. Additionally, identification of the molecular receptors and specific sensory circuits responsible for the integration of these external signals remains to be elucidated.
